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Applications of the polymer-cyclodextrin inclusion complex systems have mainly been in 
the area of controlled drug delivery which required that their bulk properties be well 
characterized.  Our proposed study is to explore the possibilities of extending its 
applications into areas of confined geometries like self-assembled polymeric layers for 
biosensor applications or nanoparticulate systems for targeted drug delivery.  We have 
successfully attached a monolayer of PEG via thiolate bonding onto the surface of gold.  
We were able to monitor the thiolate attachment as well as its subsequent ability to form 
inclusion complexes with cyclodextrin using the quartz crystal microbalance.  We 
deduced that in order to promote inclusion complexation on a surface, the PEG chains 
must be packed such that the polymeric film layer is dense enough but yet the individual 
chains must be sufficiently mobile to promote inclusion complexation with cyclodextrins. 
We have also successfully synthesized gold nanoparticles stabilized with PEG and 
subsequently form inclusion complex with α-cyclodextrin.  Varying the concentration of 
α-cyclodextrin resulted in varying degree of crystallinity and association leading to 
different forms of crystal formation.   
 















































1.1 Poly(ethylene glycol) (PEG) 
PEG is a non-toxic, water soluble and non-degradable polymer. This biocompatible 
polymer resists recognition by the immune system, a very important property for its 
application. It is also referred to as poly(ethylene oxide) (PEO) at molecular weights 
higher than 20000. It exhibits rapid clearance from the body, and has been approved for a 
wide range of biomedical applications1. 
 
1.2 Cyclodextrins 
Cyclodextrins are oligosaccharides, consisting of (α-1,4)-linked α-D-glucopyranose 
units, with a lipophilic central cavity and a hydrophilic outer surface. The most abundant 
natural cyclodextrins are α-cyclodextrin (α-CD), β-cyclodextrin (β-CD), γ-cyclodextrin 
(γ-CD), containing six, seven and eight glucopyranose units respectively.  In an aqueous 
environment, CDs form inclusion complexes with many lipophilic drug molecules 
through a process in which water molecules located inside the central cavity are replaced 
by either the whole drug molecule or by some lipophilic structure of the molecule. As 
natural CDs have limited aqueous solubility, their complex formation with lipophilic 
compounds frequently results in precipitation of solid cyclodextrin complexes.  
 
The main driving force for complex formation appears to be release of enthalpy-rich 
water molecules from the CD cavity that lower the energy of the system2. However other 
forces such as van der Waals interaction, hydrogen bonding, hydrophobic interactions, 
release of structural strains and changes in surface tension may also be involved in the 
formation of CD complex3. No covalent bonds are involved in the complexes formation. 
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 1.3 Hydrogel Formed by PEG and α-CD. 
PEG of high molecular weight can form complexes with α-CD in aqueous solutions to 
give gels.  The gelation can happen when the molecular weight of PEG is higher than 
2000, and at the same time, the PEG and α-CD should be of a substantial concentration.  
Fig. 1 shows the structure of the α-CD-PEG hydrogel. The PEG chains penetrate α-CD 
cavities continuously from each end of the polymer (Fig. 1b) regardless of its molecular 
weight in aqueous solutions. The rings of α-CD threaded on the PEG chains are 
connected together by hydrogen bonds, forming a stoichiometric ratio of partially 
included α-CD-PEG complexes.  
 
The α-CD molecules become hydrophobic because of the consumption of hydroxyl 
group and α-CD-PEG complex domains form aggregates by hydrophobic interaction as 
shown in the schematic representation in Fig. 1c.  For PEG with molecular weight more 
than 2000, aggregation takes place before each PEG chain is wholly included by α-CD.  
When a PEG chain penetrates the α-CD cavities from the two ends, the polymer chain is 
so long that the middle of the chain is unable to be included by α-CD. However, the 
inclusion complex domains are long enough to aggregate with other complex domains. 
These aggregations resulted in microcrystals that play a role in physical crosslinks to give 
rise to a network. Therefore, the aqueous solutions of high molecular weight PEG and α-
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Figure 1.  Structure of α-CD (a) channel structure of α-CD-PEG inclusion complex (b) 




1.4 Application of Hydrogel in Controlled Drug Delivery. 
The high water content and soft consistency of hydrogels akin them to natural tissues.  
These properties of hydrogels minimize their potential irritation to surrounding tissues 
when they are used in vivo5.  Pores may be created within the hydrogel network as a 
result of phase separation during synthesis. The pores can encapsulate drug molecules or 
even cells so that hydrogels can be used as carriers or matrices of drugs.  Release of drugs 
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 from a hydrogel will be controlled by the pore volume fraction, the pore size and their 
interconnections.  The size of the drug molecule, the type and strength of interactions of 
the drug with the polymer chains will holistically make up the hydrogel system. 
Controlled drug delivery systems with hydrogels are developed and well investigated.   
 
1.5 Proposed Study 
Applications of the polymer-cyclodextrin inclusion complex systems have mainly been in 
the area of controlled drug delivery which required that their bulk properties be well 
characterized.  Our proposed study is to explore the possibilities of extending its 
applications into areas of confined geometries like self-assembled polymeric layers for 
biosensor applications or nanoparticulate systems for targeted drug delivery.   
 
1.5.1 Confined Geometries 
Many polymeric systems are used in confined geometries like thin-film devices, coatings 
and lubricants etc.  Thus polymeric crystallization in a confined geometry is a useful area 
of study.  In our investigation, we will be confining the polymer, namely poly(ethylene 
oxide) into a monolayer on gold surface followed by subsequent complexation with α-
CD.  We will present results of the PEG’s ability to form inclusion complex in a confined 
geometry, the surface morphology of the polymeric layer and the crystal growth that are 





 1.5.2 Nanoparticles for targeting cancer cells 
Existing treatments for cancer tumors are surgery, chemotherapy, radiotherapy and 
biotherapy.  The latter is still not completely defined and it has been used rather loosely.  
Surgery is the most uncomplicated form of treatment for removing cancerous tumor.  But 
two major disadvantages of this form of treatment are that it is only suitable for localized 
tumor as well as its subjection to the physical condition of the patient to undertake an 
open surgery.  One of the main characteristics of malignant tumors is its ability to 
proliferate at an accelerated rate, having built up a resistance to the bodies’ immune 
response, and begin spreading to other parts of the body.  Surgery is thus only effective 
during early detection where the tumor has not spread and that the tumor is located at an 
area that is easily accessible to the surgeon.  For example, there is less risk involved in 
removing a tumor that is growing at the leg compared to a tumor that is lodged between 
the brain and the skull.   
 
Chemotherapy is also commonly utilized where the patient undergoes a series of 
injections or oral administration of drugs that kill the cancer cells.  Unfortunately, these 
drugs cannot differentiate between the healthy and cancerous cells so both are destroyed.  
This results in many side effects for the patients who have to endure bouts of 
nauseousness and general loss of quality of life for the period of time that they are 
undergoing treatment.  Different patients will also respond differently to the same type of 
drugs so more than one type of drug will have to be injected, which amount to further 
discomfort for the patient.  Radiotherapy has pretty much the same disadvantages as 
chemotherapy.  Thus the area of biotherapy is now under intense research.  Biotherapy 
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 has the potential to target only cancerous cells thereby minimizing discomfort for the 
patient.   
 
It is against this background that we explore the possibilities of integrating our hydrogel 
system of α-CD-PEG inclusion complex with gold nanoparticles. The advantages of 
using nanoparticulate systems for targeted drug delivery include:  
 
 ability to perform intravenous administration without the risk of embolization;  
 ability for the nanoparticulates to pass through capillary vessels and mucosae  
 having a large surface area and significant surface properties 
 better tissue adhesion 
 
In our study, we will synthesise gold nanoparticles that are stabilized with PEG and 
subsequently complex the attached PEG chains with α-CD.  We will also study the 
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 2.1 Thermogravimetric Analyses (TGA) 
TGA is used mainly for the determination of thermal stability of polymers. The most 
commonly used TGA method is based on the continuous measurement of sample weight 
as the sample temperature is increased in air or in an inert atmosphere.  Data are recorded 
as a thermogram of weight vs temperature. Weight loss would result from polymer 
decomposition1.  In our application, the weight loss is interpreted as the decomposition of 
the components of the inclusion complex, namely, α-CD and PEG. 
 
2.2 Differential Scanning Calorimetry (DSC) 
In DSC, the measuring principle is to compare the rate of heat flow to the sample and to a 
reference material that is heated or cooled at the same rate. Changes in the sample that is 
associated with absorption or evolution of heat cause a change in the differential heat 
flow that is recorded as a peak. The area under the peak is directly proportional to the 
enthalpic change and its direction indicates whether the thermal event is endothermic or 
exothermic1.  In our application, a non-included PEG chain will register a melting 
temperature at ~ 65 ◦C and an included PEG chain with α-CD will not register a melting 
peak at similar temperature. 
 
2.3 High Resolution Transmission Electron Microscopy (HR-TEM) 
In TEM, consider a thin slice of crystal that has been tilted so that a low-index direction 
is exactly perpendicular to the electron beam. All lattice planes about parallel to the 
electron beam will be close enough to the Bragg position and will diffract the primary 
beam. The diffraction pattern is the Fourier transform of the periodic potential for the 
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 electrons in two dimensions. In the objective lens all diffracted beams and the primary 
beam are brought together again and their interference provides a back-transformation 
that leads to an enlarged picture of the periodic potential2. This picture is magnified by an 
electron-optical system and finally seen on the screen at magnifications of typically 106.  
For our purpose, we will utilized TEM to observe gold nanoparticles of ~ 2-3 nm in 
diameter. 
 
2.4 X-ray Photoelectron Spectroscopy (XPS) 
When a surface is irradiated by X-rays, it emits electrons.  For non-hydrogen atoms, the 
energy of these electrons provides information about the nature of the atoms or molecules 
from which they originate.  The poor ability of electrons to penetrate matter ensures that 
electrons detected come from the surface zone (i.e., the outermost few nanometers of the 
sample1). The total number of electrons emitted is related to the concentration of the 
emitting atoms or molecules in the surface zone.  An XPS spectrum is a plot of the 
number of photoelectrons detected as a function of their binding energies (B.E.).  The 
binding energy is the energy required to remove an electron from a specific orbital for a 
particular atom and is calculated as: B.E. = hv – K.E.(photoelectron), where K.E. is the kinetic 
energy of the photoelectron.  The binding energy of a photoelectron is characteristic of 
the emitting atom1.  For example, carbon atoms emit 1s photoelectrons at a binding 
energy of about 285 eV; carbons with no electronegative substituents have 1s binding 
energies close to 285 eV, while carbons with electronegative substituents have higher 1s 
binding energies (286 - 289 eV).  In our study, XPS analysis will be able to detect the 
percentage and nature of polymer attached on gold surfaces.   
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 2.5 Quartz Crystal Microbalance (QCM) 
The QCM is basically a mass sensing device with the ability to measure very small mass 
changes on a quartz crystal resonator in real-time. The sensitivity of the QCM is 
approximately 100 times higher than an electronic fine balance with a sensitivity of 0.1 
mg making it capable of measuring mass changes as small as a fraction of a monolayer or 
single layer of atoms.  The high sensitivity and the real-time monitoring of mass changes 
on the sensor crystal make QCM a very attractive technique for a large range of 
applications.  The development of QCM systems for use in fluids or visco-elastic deposits 
has dramatically increased the interest towards this technique3. We will utilize QCM to 
monitor the self-assembly of polymeric thiol to gold as well as its subsequent 
complexation with α-CD. 
 
2.6 Wide-angle X-ray Diffraction (WA-XRD) 
XRD is used for the fingerprint characterization of crystalline materials and the 
determination of their crystal structures.  X-rays are electromagnetic radiation of 
wavelength about 1Å and they are produced when high-energy charged particles collide 
with matter. The electrons are then slowed down or stopped by the collision and some of 
the lost energy is converted into electromagnetic radiation1.  Each crystalline phase has a 
characteristic pattern and in our case, we will determine if inclusion complex had formed 








 2.7 Atomic Force Microscopy (AFM) 
 
In AFM, the force sensing spring consists of a miniturised cantilever beam clamped at 
one end and the probing tip at the other end. The tip is a couple of microns long and often 
less than 100 Å in diameter. It probes the surface of a sample and forces between the tip 
and the sample surface cause the cantilever to bend, or deflect. A detector measures the 
cantilever’s beam deflection and a computer will generate a map of the sample’s surface 
topography1.  In our study, we will probe the surface morphology of the PEG layer on 
gold surface. 
 
2.8 Scanning Electron Microscopy (SEM) 
In SEM, electrons are used to form an image. A beam of electrons is produced by the 
heating of a metallic filament at the top of the microscope. The electron beam follows a 
vertical path through the column of the microscope. It makes its way through 
electromagnetic lenses that focus and direct the beam down towards the sample.  Once it 
hits the sample, other electrons (backscattered or secondary) are ejected from the sample. 
Detectors collect the secondary or backscattered electrons, and convert them to a signal 
that is sent to a viewing screen producing an image1. 
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 3.1 Introduction 
 
Quartz Crystal Microbalance (QCM) is a technique that offers real time in situ analysis of 
interfacial phenomena.  The QCM is a high-resolution mass sensing technique based on 
coupling between electrical and mechanical properties (piezoelectric effect).  A 
piezoelectric quartz crystal resonator is a precisely cut slab from a natural or synthetic 
crystal of quartz1.  By applying an alternating electric field across the quartz crystal 
through upper and lower metal electrodes covering the quartz surface, a mechanical 
oscillation of characteristic frequency is produced in the crystal.  An increase in mass 
bound to the quartz surface will cause the crystal’s oscillation frequency to decrease in 
proportion to the mass.  The frequency response of the quartz crystal therefore represents 
the total oscillating mass2.  Many important physical and chemical processes can be 
followed by observing the associated mass changes. 
 
The frequency change relationship between rigid layers firmly attached to QCM is 
proportional to the added mass as long as the added mass behaves elastically similar to 
the quartz crystal itself. The relationship is given in the Sauerbrey equation as shown: 
 ∆ƒ = -Cƒ x ∆m  
where m is film mass per unit area, and Cf is a constant denoting the crystal’s sensitivity 
factor (0.0566 Hz/ng/cm2 for a 5 MHz crystal @ 20 ◦C).  It is important that the 




 However, in liquid-phase measurements, as in our present study, the oscillating mass 
could include substantial amount of solvent, resulting in a soft film.  In some cases, the 
upper part of the film is so soft that it does not contribute to the oscillation of the sensor.  
Thus using the Sauerbery equation to calculate the mass directly from the change in 
frequency could lead to an underestimation of the mass.  Therefore, another parameter, 
‘Resistance’ is monitored to give us a more accurate measurement of the interfacial 
phenomena.  Generally, the measurables in a QCM analysis are the resonant frequency 
and Q, where Q is the quality factor of the crystal.  An external load on the crystal surface 
that results in energy ‘loss’ in the crystal is related to Q by this expression:  
Q =ωL/R 
where ω is the angular resonant frequency (2Πƒ), L is the inductance and R is the 
resistance which can serve as a measure of crystal ‘loss’4.  Thus, R could be renamed as 
motional resistance to aid understanding of its relation to Q.  This is an essential 
parameter when measuring a film that has viscoelastic properties.  When thin, stiff films 
are deposited on the QCM surface, the increase in R is small but softer and thicker films 
would result in an increase in R5.  Hence, coupling the data from both the resonant 
frequency and motional resistance would give us additional information concerning the 
nature of the QCM load.   
 
For the purpose of preliminary studies, Research-QCM (RQCM) was first utilized to 
observe general chemisorption, adsorption and desorption phenomena of methoxy 
poly(ethylene glycol) thiol, as well as their subsequent formation of inclusion complexes 
with α-, β- and γ-CD as illustrated in scheme 1.   
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 The attachment of the PEG is via the well established method of thiolate bonding with a 
gold surface.  PEG is highly hydrophilic and since only one end of the polymer chain is 
thiolated, the other end being a methoxy group, each polymer chain would only be 
attached to the gold surface on one end.  The other end of the PEG chain will be free to 
move in the aqueous media.  With the introduction of cyclodextrin, we will observe if 
inclusion complex can form via the free end of the PEG chains.   
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Scheme 1.  Attachment of PEG thiol to gold and subsequent complexation with 
cyclodextrins. 
 
We examined the influence of the length of the PEG chain and the surface density of the 
PEG on its ability to form inclusion complexes with α-, β- and γ-CD. Most of our 
analysis at this point, were based solely on the resonant frequency of the crystal (i.e. mass 
changes).  The corresponding motional resistances were used as a check to ensure that the 
frequency shifts were true reflection of a surface phenomena and not artifacts.  We also 
observed the surface morphology of the polymeric layer and the results are discussed.  
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 The scheme of the setup for QCM measurements used in our present study is shown in 
Fig. 1.  Polished grade, 5 MHz, AT-cut QCM crystals were used.  The crystal was placed 
in a Teflon chamber of volume ~ 100 µl, exposing one side of the resonator to the 
aqueous solution. Test solution was pumped into the chamber via an inlet connected to a 
peristaltic pump.  There was also an outlet where excess test solution was collected as 
waste.  The test liquid was introduced via the peristaltic pump with a flow rate of 300 µl/ 
min for a total of 4 min.  This was to ensure that the entire chamber had been filled with 
the test solution of interest and that previous solution had been completely flushed out.  A 
Voltage Controlled Oscillator (VCO) was used to drive the crystal.  Data output in terms 
of frequency change and motional resistance were recorded.  For our purpose, the 
absolute values of frequency and motional resistance are of less importance while their 
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Figure 1. Experimental setup of the quartz crystal microbalance to monitor the 
attachment of PEG thiol and subsequent complexation with α-CD. 
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 3.2 Experimental Section 
3.2.1 Materials 
Methoxy poly(ethylene Glycol) thiol with molecular weight of 5000, 10 000, 20 000 and 
30 000 were supplied by NOF Corporation.  α-CD and γ-CD were supplied by TCI 
(Japan).  β-CD was supplied by Fluka.  Stock solutions, including water for rinsing were 
prepared with chromatography grade water from MERCK.   
 
3.2.2 Sample preparation 
3.2.2.1 Preparation of gold surface 
For XPS and AFM studies, gold substrates were prepared by plasma evaporation of high-
purity gold onto silicon test wafers (Agar Scientific) with base pressure of 3 x 10-7.  The 
samples were pre-coated with 30 Å chromium (15 mA, 0.08 – 0.09 nm/s) to improve gold 
adhesion.  Gold coating was done immediately (65 mA, 0.08 nm/s) to give a 50 nm layer.   
For QCM analysis, the 5 MHz AT-cut, Cr/Au polished quartz crystals with 0.4 cm2 active 
area were purchased from MAXTEK Inc. 
 
Cleaning of the gold-coated quartz crystal was conducted in two steps.  The crystal was 
first cleaned using the UV/ozone treatment6 for 1 hour.  This method utilizes irradiation 
with ultra violet light that breaks up the organics on the surface of the sample and a flow 
of air carries off the organics.  This method does not affect the quartz surface and is 
useful for removing hydrocarbon impurities that have been adsorbed from the ambient 
air.  For an unused gold-coated crystal, this UVO treatment is sufficient.  To reuse a 
crystal that had been exposed to thiol solution, we need to additionally clean the crystal 
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 surface with ‘piranha’ solution (7:3 concentrated H2SO4:30% H2O2) at 80 ◦C for 2 min. 
This was followed by rinsing with water and blown dry with nitrogen.  The crystals were 
treated with UVO for 10 min immediately before measurement.  This method of cleaning 
can destroy the gold-coated quartz surface.  Hence, a crystal was disposed when the 
QCM started to register erratic measurements, difficulty in establishing a stable baseline 
or if there were visible traces of scratches and tears.    The gold pieces for XPS studies 
were only cleaned by UVO treatment prior to usage and they were disposed after one use.   
 
3.2.2.2 Preparation of self-assembled PEG thiol and its inclusion complex 
1 mM (unless otherwise stated) of PEG thiol solutions, 10% (w/v) of α-CD, 2% (w/V) β-
CD and 10% (w/v) of γ-CD were prepared.  The polymeric solutions were filtered 
through a 0.2 µm PVDF filter and ultrasonicated for 10 s to remove visible air bubbles.  
The components of the RQCM set-up (liquid chamber, O-rings, gold electrodes) were 
cleaned with isopropyl alcohol and blown dry with nitrogen prior to and after each use.  
1.2 ml of the test solution was injected into the liquid chamber via the peristaltic pump 
with a flow rate of 300 µl/ min for a total of 4 min.  While introducing the test solution, 
the outlet tube was periodically compressed to force out trapped air bubbles.  This was to 
ensure that the chamber was completely filled.  Data recording would start or resume 
until it registered a stable frequency and resistance value.  After which the data recording 
will be stopped while the next test solution was injected.  The general procedure for the 















Preparation of PEG coated samples for XPS and AFM was done using the same 
concentration solutions as stated.  The gold-coated silicon wafers were immersed in the 




5 MHz AT-cut, Cr/Au optically polished quartz crystals, 0.4 cm2 active area, model sc-
505-1, were used with a Research Quartz Crystal Microbalance (PLO-10 Phase Lock 
Oscillator) from MAXTEK Inc.  Some essential operating guidelines would include, 
allowing 1-2 hours for the RQCM’s electronics to reach temperature equilibrium, 
ensuring that the test chamber was clean as any particle attached to the sensing surface of 
the crystal would result in a frequency change.  To allow at least an hour after the crystal 
was exposed to a liquid environment for the crystal to reach equilibrium temperature, 
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 after which a baseline was established prior to making any measurements.  Capacitances 
from the crystal, wiring or any devices connected to the crystal can cause distortion of the 
data.  Capacitance cancellation was checked every time the environment of the crystal 
was changed (from air to liquid phase).  Capacitance cancellation is essential for accurate 
measurements of liquids and soft films.  Data acquisition was acquired with MAXTEK 
Version 2.  
 
XPS measurements were made on a VG Scientific ESCA-LAB-220i XL. The core level 
signals were obtained at a takeoff angle of 90 ° with respect to the sample surface. All 
binding energies (B.E.) were referenced to the Au 4f7/2 peak at 84 eV in order to 
compensate for the surface charge effects. The spectra were fitted using the Advantage 
software Version 3 and the surface elemental stoichiometries were determined from the 
ratios of the fitted peak area. 
 
Optical Microscopic images were acquired using Olympus Model BX60. Images were 
captured with Analysis Soft Imaging System 3.00 (Build 436). 
 
AFM images were acquired under tapping-mode, using a Nanoscope III MultiMode AFM 
(Digital Instruments).  Non-contact mode – High resonance frequency sensor tips with a 
resonance frequency of approximately 320 Hz and a spring constant of about 42 N/m 
were used.  Height images were acquired under ambient conditions in tapping mode 
using a 0.01-0.02 Ohm-cm Antimony (n) doped Silicon cantilever tip from NanoWorld.  
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 The images were subjected to first-order flattening procedures to compensate for the 
sample tilt. 
 
SEM images were acquired on a JEOL FESEM JSM6700F at 10 kV with a working 
distance of ~ 8 mm.  
 
 
3.3 Results and Discussion 
 
3.3.1 Characterization of self-assembled polymeric layer 
 
Fig. 2 is a representative XPS data from the attachment of 1 mM of PEG (5K) thiol on 
gold-coated silicon wafer.  Fig. 2a is a low resolution scan (‘survey scan’) of the sample 
surface and it detected gold (Au 4f7/2 at 84 eV), carbon (C1s ~285 eV), oxygen (O1s 
~532 eV) and sulfur (S2p ~ 163 eV).  These results were expected as PEG thiol contains 
C, H, O and S.   Atomic elemental analysis detected 26% of surface gold.  This could 
mean that the surface coverage with PEG was not complete.  The long PEG chains could 
have prevented close packing of the polymeric layer resulting in areas of uncovered 
surface.  The high resolution scan of O1s and C1s revealed distinct peaks that are 
characteristic of ethereal oxygen (Fig. 2b) and ethereal carbon (Fig. 2c) respectively.  
Their binding energies were consistent with literature values for PEG7.  Fig. 2d is a high 
resolution scan of sulfur and it exhibited a doublet structure due to the S2p3/2 and S2p1/2 
peaks.  The binding energy of the S2p3/2 peak was ~162.2 eV with the S2p1/2 peak being 
~1.3 eV higher and with half the intensity of S2p3/2 peak.  These values are in accordance 
with spin orbital coupling and were attributed to the sulfur atoms that were bound to the 
gold surface as bound thiolate species8. The binding energy of the S2p3/2 peak was 0.3 eV 
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 higher than previous studies done by Lu9.  Lu also detected unbound thiolate species at 
higher binding energies of 163.9 eV and 165.1 eV.  We did not detect any other species 
of sulfur at binding energies higher than 163.5 eV which meant that all the sulfur had 
formed thiolate bonds.  Thus, we attributed our slight variation of binding energies to 
Lu’s to varying experimental conditions.   Having confirmed that we had attached PEG to 
our gold surface, we proceeded to observe the possibility that the free end of the PEG 
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Figure 2.  Survey scan of thiolated surface (a) and high resolution scan of O1s (b) C1s 




 3.3.2 Thermodynamic studies of inclusion complexes 
 
To rule out the frequency shifts due to the changes in the viscosity of the cyclodextrin 
solutions, a control was set up where α-CD (10% w/v), β-CD (2% w/v) and γ-CD (10% 
w/v) were added to a clean gold surface sequentially, with 10 min of flushing with H2O 
between each addition of cyclodextrin.  From Fig. 3, the addition of α-CD (10% w/v) 
resulted in a frequency change of ~ -80 Hz, β-CD (2% w/v) of ~ -20 Hz and γ-CD (10% 
w/v) of ~ -90 Hz.  Upon flushing with H2O, most of the cyclodextrin were removed from 
the gold surface.  This indicated that there was minimal adhesion of the cyclodextrin to 









































Figure 3.  Time resolved frequency shift of a 5 MHz quartz crystal with PEG thiol 
attachment and subsequent complexation with α-CD, β-CD and γ-CD.  
 
  
Thus in our subsequent experiments involving surface complexation of cyclodextrin with 
attached PEG, any frequency shifts that were recorded beyond the frequency shifts of 
cyclodextrin solutions with clean gold surface (i.e. > -80 Hz for α-CD, > -20 Hz for β-
CD, > -90 Hz for γ-CD) would be attributed to interactions between PEG and 
cyclodextrins.  However, it might be useful to note that a PEG-coated crystal would be 
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 less sensitive to the viscosity of cyclodextrin solution compared its a direct contact with 
the gold surface.  This may result in an underestimated contribution to the oscillation of 
the sensor.   
 
 
A typical example of a time-resolved QCM measurement is shown in Fig. 4.  
Chromatography grade water was introduced into the liquid chamber and when the 
system stablised (frequency shift + 2 Hz over 20 min), the frequency reading was set to 
zero.  This constituted the baseline.  Then PEG thiol was injected which resulted in a 
frequency shift of ~ -60 Hz. When the frequency of the crystal became constant, 
indicating that the attachment of PEG thiol to the gold surface had been completed, the 
system was flushed with water to remove unattached PEG thiol.  This resulted in a 
frequency increase of ~ 10 Hz.  Hence, the value of ∆ƒthiol would be ~50 Hz.  This value 
was attributed to a stable layer of PEG that had chemisorbed on the gold surface via 
thiolate bond.  When α-CD was introduced, the crystal registered a large initial frequency 
shift of ~ -120 Hz.  This change would be attributed to the viscosity of the cyclodextrin 
solution as well as initial stages of complexation that took place within the 4 min of 
solution exchange.  The frequency continued to drop gradually over 3 hours and leveled 
at ~ -320 Hz.  Excluding the frequency shift due to viscosity change (i.e. ~ -80 Hz), and 
adhered PEG (i.e. ~ -50 Hz), the frequency shift of ~ -190 Hz would be attributed to 
interactions between the chains of PEG and cyclodextrin.  Upon flushing with H2O, the 
frequency increased by ~ 100 Hz instantly and then continue to increase until it stabilized 
close to the frequency of the stable layer of PEG.  This could be interpreted as that most 
of the cyclodextrin had been removed since complexation between α-CD and PEG is a 
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 reversible reaction.  For reasons discussed previously, with regards to the possibility of 
underestimating the frequency shift after addition of α-CD, we will only exclude the 
frequency shift due to the adhered PEG (i.e. ∆ƒthiol = ~50 Hz).  Hence the value of ∆ƒα-CD 
would be ~ -270 Hz.  The method of determining the ∆ƒthiol and ∆ƒα-CD will be consistent 
in all the following discussions.   
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Figure 4.  Time resolved frequency shift and resistance measurement of a 5MHz quartz 
crystal with PEG thiol attachment and subsequent complexation with α-CD. 
 
 
We monitored the degree of PEG attachment, by varying the molecular weight of the 
PEG (5K, 10K, 20K & 30K).  With increasing molecular weight, the observed ∆ƒthiol, 
decreased by ~ 10 Hz indicating a reduced mass of PEG attachment onto the crystal 
surface.  As the length of the PEG chains increased, the chains would become more bulky 
and they would be sterically hindered to pack closely on a flat gold surface.  Thus PEG 
with MW of 20K and 30K registered only half of the frequency shift compared to the 
 28
 shorter PEG chains, indicating that there were fewer PEG (20K & 30K) attachments on 





























































































∆ƒthiol, 5K = 21 Hz 







∆ƒthiol, 10K = 22 Hz 







∆ƒthiol, 20K = 10 Hz 







∆ƒthiol, 30K = 11 Hz 


























Figure 5. Time resolved frequency shift of a 5MHz quartz crystal with PEG thiol (1 mM) 
attachment of MW 5000 (a), 10 000 (b), 20 000 (c) and 30 000 (d) and subsequent 
complexation with α-CD. 
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 When α-CD was introduced, a corresponding increase in the frequency shift was detected 
with PEG (30K) registering the highest value of ∆ƒα-CD at ~112 Hz and PEG (5K) at ~ 50 
Hz.  Even though the amount of PEG (30K) on the gold surface was lower than PEG (5K 
& 10K) its ability to form inclusion complex with α-CD was the highest.  It could be 
because its longer length of the free end of the PEG chain is less restricted by the 
neighbouring chains and thus could form inclusion complexes easily.  This implied that 
an optimal chain length might be necessary to ensure sufficient coverage of the gold 
surface as well as to attain enough mobility to promote inclusion complexation with the 
cyclodextrins.   
 
We varied the concentration of the PEG thiol (5K).  From Fig. 6, we can see that there 
was an increase in the ∆ƒthiol,, representing an increasing amount of PEG attached from ~ 
-20 Hz (1 mM) to ~ -50 Hz (2 mM) to ~ -173 Hz (3 mM).  This demonstrated that there 
was increasing PEG coverage on the gold surface with an increasing thiol concentration.  
This meant that the amount of surface coverage by the thiol of interest is not determined 
by the number of available binding sites but by the concentration of the thiol solution.  As 
α-CD was introduced, only the 2 mM PEG surface registered a gradual increase in the 
frequency shift up to ~ 269 Hz over 3 hours (Fig. 6b), indicating some form of interaction 
between the PEG chains and α-CD.  For the PEG of 1 Mm and 3 Mm surfaces (Fig. 6a & 
c respectively), minimal frequency shifts were detected apart from an initial ∆ƒα-CD of 
~50 Hz (1 mM PEG) and ~67 Hz (3 mM PEG) which would be largely attributed to the 
viscosity change of the cyclodextrin solution.  These results suggested that the density of 
PEG chains on a surface could influence the degree of interaction of between PEG and α-
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 CD.  With a low density of PEG chains, it might be thermodynamically unfavourable for 
widely spaced PEG chains to form inclusion complexes with α-CD.  Conversely, when 
the surface was too densely packed with PEG, the mobility of the PEG chains could be 
inhibited thus reducing the probability for inclusion with α-CD.  We deduced that an 
optimal surface density of PEG chains would be necessary to promote inclusion 




























































































∆ƒthiol, 5K, 1 mM = 21 Hz 











∆ƒthiol, 5K, 2 mM = 50 Hz 









∆ƒthiol, 5K, 3 mM = 173 Hz 






















Figure 6.  Time resolved frequency shift of a 5 MHz quartz crystal with PEG thiol of 1 
mM (a), 2 mM (b), 3 mM (c) and subsequent complexation with α-CD. 
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 Next, we varied the type of cyclodextrin (α-, β- & γ-CD) to observe their interactions 
with PEG (5K, 2 mM).  There was a slight variation in the amount of PEG attached on 
the gold surface even though we used the same concentration of PEG (5K).  This could 
be due to the gold surface not being totally renewed after the removal of previous thiol 
attachment via UVO treatment and washings with ‘pirahna’ solution.  Nevertheless we 
were still able to detect obvious interactions between PEG and α-CD (Fig. 7a) and γ-CD 












































































∆ƒthiol, 5K, 2 mM = 50 Hz 







∆ƒthiol, 5K, 2  mM = 83 Hz 









∆ƒthiol, 5K, 2 mM = 35 Hz 




















Figure 7.  Time resolved frequency shift of a 5 MHz quartz crystal with 2 mM of PEG 
thiol and subsequent complexation with α-CD (a), β-CD (b) and γ-CD (c).  
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 Previous studies had shown that in free solution, formation of inclusion complex between 
PEG and α-CD10 or γ-CD11 was rapid and successful whereas there was limited 
complexation with β-CD.  The cross-sectional areas of the polymers and the diameters of 
the cavities of the cyclodextrins are very important in the complex formation.  Studies on 
molecular models show that a PEG chain can penetrate the α-CD cavity and has a good 
fit with the cavity.  Although a PEG chain can penetrate the β-CD cavity, it is too thin to 
fit in the cavity12.  It was also reported that two polymer chains can be threaded through 
the γ-CD cavity11.  Our results are consistent with these findings but in Fig. 7c, we cannot 
differentiate if the frequency shift is due to single or double strand of PEG that were 
included in the cavity of γ-CD.    
 
 
3.3.3 Surface morphology of self-assembled polymeric layer 
 
Fig. 8a shows monolayer dendritic crystals of PEG (30K).  These finger-like crystals 
have also been observed by He and his group using PEG (2K)13.  Its formation is via 
diffusion-controlled aggregation13.  The crystals are rather large and can be easily 
observed under an optical microscope spanning a distance of ~ 300 µm.  AFM data 
revealed another characteristic of the monolayer crystal.  There is a ‘depletion’ zone on 
both sides of the crystal front as seen in Fig. 8c.  The proposed mechanism for the 
depletion zone proposed by Reiter & Summer14 is that in order for the attached polymer 
to join the lamella crystals at the growth front, the monolayer of random chains have to 
form upright folded states.  The area occupied by the disordered chains is larger than the 
area needed by a crystallized molecule.  Thus, when growth proceeds, a depletion layer is 
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 created just ahead of the crystal due to the emergence of more and more unoccupied 













































Figure 8.  Optical  microscope image of dendritic crystals of PEG (30K) (a), AFM height 
image of a single finger-like patterm of monolayer of PEO crystal (b), Sectional analysis 




3.4 Conclusion and Future work 
 
We have successfully attached a monolayer of PEG via thiolate bonding onto the surface 
of gold.  We were able to monitor the thiolate attachment as well as its subsequent ability 
to form inclusion complex with cyclodextrin using the QCM.  We deduced that in order 
to promote inclusion complexation on a surface, the PEG chains must be packed such 
that the polymeric film layer is dense enough but yet the individual chains must be 
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 sufficiently mobile to promote inclusion complexation with cyclodextrins.  The 
individual chains should also be long enough to promote inclusion complexation.  
Therefore an optimal chain length of PEG that packs on the gold surface sufficiently, and 
yet retains enough mobility to promote inclusion complexation is necessary for the 
formation of monolayer inclusion complex.   
 
Surface morphology confirmed that a monolayer of PEG had formed on gold though 
morphology of its inclusion complex can only be captured if the polymer chains had been 
capped.  Further work to cap the free ends of the PEG chains is still on going.  
 
For our present system of polymer attachment and subsequent inclusion complexation 
with cyclodextrin, QCM is able to provide us with qualitative information, based on the 
mass gain.  But there would also be structural changes within the polymeric film due to 
the formation and aggregation of inclusion complex.  We would also further our study of 
the current system by coupling information from the frequency shift and resulting 
motional resistance so as to further our understanding on the kinetics of the formation of 
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 4.1 Introduction 
 
Poly(ethylene glycol) (PEG) is a well studied polymer in the areas of biological and 
biomedical applications.  Its biocompatibility makes it an excellent candidate for 
covering nanoparticulates which would eventually be utilised in a biological 
environment1.  PEG is also known to form inclusion complexes with cyclodextrins and 
the potential of polyrotaxanes in the biomedical area has also been studied 2.  We strive to 
integrate our knowledge of polyrotaxane into a nanoparticulate system involving gold 
nanoparticles.   
 
The gold nanoparticles were prepared using a modified procedure by Brust3.  The metal 
salt, HAuCl4.3H2O was reduced with Sodium borohydride, NaBH4 in the presence of 
PEG thiol.  The gold nanoparticles were physically stabilized through the encapsulation 
of a PEG layer via thiolate bond.  The monolayer-protected nanoclusters (MPC) we 
obtained were of moderate dispersity.  The purpose of our MPC synthesis is to explore 
the possibility of integrating our knowledge of polyrotaxane of inclusion complexes of 
PEG and α-CD into a nanoparticulate system for targeted drug delivery or biospecific 
imaging.  Therefore, the synthesis of monodispersed MPC would be impractically tedious 
at this stage.  
 
Single-phase synthesis of thiolated PEG coated gold nanoparticles was utilized to prevent 
contamination of isolated MPC products with residual phase-transfer catalyst, 
tetraoctylammonium bromide (TOAB)4.  As all our reagents were water soluble, the 
entire reaction for synthesising the MPC was done in aqueous media which would allow 
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 for future applications in the biological environment.  The ratio of Au: thiol: reductant is 
critical in the formation of MPC.  We worked with a ratio of 10:1:100.  We used the ratio 
determined by Murray5 who successfully synthesized MPC with PEG thiol (5K).    
 
Incidentally, our analysis of the bulk state of our nanoparticulates led to the observation 
of various crystal formations.  The outer structures of these crystals were monitored using 
the optical microscope, SEM and AFM.  The formation of these crystals will be discussed 
and the knowledge of their formation could give us clues to the bulk properties of our 




























 4.2 Experimental Section 
4.2.1 Materials. 
Methoxy poly(ethylene glycol) thiol with molecular weight of 10 000 was purchased 
from NOF Corporation.  α-CD was supplied by TCI (Japan).  HAuCl4.3H2O and sodium 
borohydride, (NaBH4) were purchased from Sigma Aldrich.   
 
4.2.2 Sample preparation  
Ultra pure water was used for all gold nanoparticles (AuNP) and inclusion complex (IC) 
preparations.  N2 was bubbled through the water for 2 h prior to the start of each 
experiment and all   reaction mixtures were left to stir in a N2 environment overnight. 
 
4.2.2.1 AuNP only 
0.0122 g (0.031 mmol) of HAuCl4.3H2O was dissolved in 100 ml of ultra pure water.  
0.0119 g (0.313 mmol, 0.4 mol/dm3) of NaBH4 was added drop wise with an interval of 1 
min.  The solution turned light brown immediately and darken as more drops of reductant 
were added.  The clear brown solution was left to stir in N2 environment overnight. 
 
4.2.2.2 AuNP with α-CD 
0.0217 g (0.055 mmol) of HAuCl4.3H2O and 1.9438 g (2 mmol) of α-CD was dissolved 
in 415 ml of ultra pure water.  The mixture was allowed to stir for 15 min.  0.0223 g 
(0.587 mmol, 0.4 mol/dm3) of NaBH4 was added drop wise with an interval of 1 min.  
The solution turned light brown immediately and darken as more drops of reductant were 
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 added.  The solution brightened to a clear orange brown with further addition of the 
reductant and was left to stir in N2 environment overnight. 
 
4.2.2.3 AuNP with PEG 
0.0500 g (0.127 mmol) of HAuCl4.3H2O and 0.1275 g (0.0128 mmol) of PEG thiol (10K) 
was dissolved in 415 ml of ultra pure water.  The mixture was allowed to stir for 15 min.  
0.0488 g (1.284 mmol, 0.4 mol/dm3) of NaBH4 was added drop wise with an interval of 1 
min.  The solution turned light brown immediately and darken as more drops of reductant 
were added.  The solution turned to a clear wine red color and maintained at this color 
even with further addition of the reductant.  The clear wine red solution was left to stir in 
N2 environment overnight. 
 
4.2.2.4 AuNP with PEG and α-CD complex 
The purified MPC was freeze dried and the percentage of PEG was determined from 
TGA.  A saturated amount of α-CD (14.5 g/ml), 20x the mass of the PEG was added to 
the dried MPC and the reaction mixture was ultrasonicated for 1 min.  After an hour, a 
purple precipitate was formed.  The mixture was centrifuged at 14 000 rpm for 20 min 
and the supernatant was removed. The purple solid was rinsed with a small amount of 
ultra pure water and centrifuged again to remove excess α-CD.  The solid was freeze 









4.2.2.5 Purification of all samples  
 
Samples (1)-(3) were purified using Amicon Ultra-15 centrifugal filter device, 100K 
NMWL at a spin condition of 5000 x g for 6 min/ wash.  The filter unit consisted of a 
porous cellulose membrane that would separate proteins of sizes 100K from low 











Figure 1.  Illustration of the purification of the nanoparticles with Amicon Ultra-15 
centrifugal filter device. 
 
We improvised the usage of the filter device for our separation of gold nanoparticles.  
The gold nanoparticles with an average diameter of 3 nm would be retained in the filter 
unit but impurities such as unattached stabilizers, borate and chlorate salts, which are 
water soluble, were collected as filtrate in the provided centrifuge tube.  The MPC were 
flushed with 120 ml of Milli-Q water.  As the filter unit only had a capacity of 15 ml, the 
cleaning process was repeated 10x.  For gold nanoparticles without stabilizer and AuNP 
stabilized with α-CD, they were washed with 24 ml of water.  This is because these gold 
nanoparticles were less stable and started to cluster with the third spin.   
 4.2.3 Measurements 
Thermogravimetric analyses (TGA) were made using a TA Instruments SDT 2960.  
Samples were heated at 20 ◦C min-1 from room temperature to 700 ◦C in a dynamic 
nitrogen atmosphere at a flow rate of 70 mL/min. 
 
The 1H NMR spectra were recorded on a Bruker AV-400 NMR spectrometer at 400 MHz 
at room temperature.  Chemical shifts were referenced to the solvent peak δ4.7 for D2O. 
 
High resolution transmission electron microscopy (TEM) images were acquired with 
Philips CM300 operating at 100 kV.  Grids were prepared by depositing 4 µl of sample 
on a 200 mesh amorphous carbon-coated copper grid (Agar scientific) and left to dry for 
at least 2 days at room temperature.   
 
Wide-angle X-ray diffraction (XRD) measurements were carried out using a Simens 
D5005 Diffractometer using Ni-filtered CuKα (1.542 Å) radiation (40 kV, 40 mA).  
Powder samples were mounted on a sample holder and scanned from 1 ◦ to 90 ◦ in 2θ at a 
speed of 0.6 ◦ per minute. 
 
Differential scanning calorimetry (DSC) measurements were performed under a nitrogen 
flow of 30 ml/min on a TA Instruments 2920 differential scanning calorimeter equipped 
with a cooling accessory and calibrated using indium.  The following protocol was used 
for each sample: heating from room temperature to 200 ◦C at 20 ◦C/min, holding at 200 ◦C 
for 30 min, then quenching from 200 ◦C to -100 ◦C using liquid nitrogen, and finally 
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 reheating from -100 ◦C to 200 ◦C at 20 ◦C/min.  Data were collected during the second 
heating run.  Transition temperatures were taken as the midpoint of the heat capacity 
change. 
 
AFM images were acquired under tapping-mode, using a Nanoscope III MultiMode AFM 
(Digital Instruments).  Non-contact mode – High resonance frequency sensor tips with a 
resonance frequency of approximately 320 Hz and a spring constant of about 42 N/m 
were used.  Height images were acquired under ambient conditions in tapping mode 
using a 0.01-0.02 Ohm-cm Antimony (n) doped Silicon cantilever tip from NanoWorld.  
The images were subjected to first-order flattening procedures to compensate for the 
sample tilt. 
 
SEM images were acquired on a JEOL FESEM JSM6700F at 10 kV with a working 
distance of ~ 8 mm.  
 
Upright images were captured using Olympus Model BX60. Images were captured with 
Analysis Soft Imaging System 3.00 (Build 436). 
 
Formation of single crystals were conducted in cell-culture plates and images of all 
crystals in solution were captured using an Olympus digital camera C-4040 attached onto 






 4.3 Results and Discussion 
4.3.1 Characterization of Monolayer Protected Nanoclusters (MPC) 
The gold nanoparticles were synthesized using the ratio of Au: thiol: reductant as 10: 1:  
100.  Fig. 2a shows the MPC of moderate dispersity and statistical data were performed 
based on micrograph of higher magnifications (Fig. 2b).  The statistical data for the 
diameter of the gold nanoparticles were analyzed from 50 MPC and averaged to be 3.3 
nm + 0.5 nm.  This value is slightly larger compared to the value of Murray in his study 
of MPC stabilized with PEG (5K)5.  However his MPC attained 79% PEG by mass and 
we attained 50%.  This could be due to the length of our PEG (10K) which is twice the 
length of that used by Murray.  The longer polymer length could have resulted in more 
steric hindrance and thus prevented more PEG thiol from attaching to the gold core.  The 
MPC we synthesized were well suspended in water and remained a visibly clear 




















Figure 2. TEM analysis of MPC at scale bar of 50 nm (a), 10 nm (b).  
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 The thermal stability of the IC-MPC was evaluated using thermogravimetric analysis 
(TGA) and compared with free α-CD, PEG-10K, IC of PEG and α-CD, gold 
nanoparticles only, MPC and AuNP stablised with α-CD.  Gold nanoparticle synthesized 
without any stabilizer did not register any decomposition within the selected temperature 
range as shown in Fig. 3a.  This result is not unusual as the decomposition temperature of 
gold is beyond the heating capacity of our TGA system.   
 
 

































Figure 3.  TGA of AuNP (a), AuNP with α-CD (b), MPC (c), IC-MPC (d), α-CD (e), IC-

















































 For gold nanoparticle stablized with α-CD as shown in Fig. 3b, there is thermal 
degradation at 210 ◦C.  This is lower than the thermal degradation of free α-CD at 285 ◦C 
(Fig. 3e).  XRD data do not show any crystallinity due to α-CD (Fig. 6e) for the gold 
nanoparticle that was stablized with α-CD.  Since the α-CD in Fig. 3b only registered a 
10% weight loss, we attributed its early decomposition to the well dispersion of the α-CD 
amongst the Au nanoparticles, thereby improving the heat distribution as well as its lack 
of crystallinity that does not entail additional energy to break the crystal lattice.  These 
factors could explain why the α-CD decomposed at a lower temperature.  Although there 
are no binding groups between the gold core and unmodified α-CD, the gold colloids 
were relatively stable in aqueous suspension.  Luong’s group had also observed that 
unmodified α-CD were able to stabilize gold nanoparticles and suggested that 
hydrophobic-hydrophobic interactions between α-CD and gold nanoparticles are the main 
rationale behind the stabilization of gold colloids by α-CD6.   
In Fig. 3c, gold nanoparticles that were stabilized with PEG registered a weight loss of 
50% at an onset decomposition temperature of 320 ◦C, which is 20 ◦C higher than pure 
PEG in Fig. 3g.  PEG attached to gold nanoparticle appeared to be more thermally stable 
than pure PEG.  The presence of PEG is also confirmed in the 1H NMR spectra shown in 
Fig. 4c with a distinct peak at δ3.63.  For different batches of MPC synthesis, there were 
about 20% fluctuation in the percentage of PEG attached and these could be due to the 
inherent variables present during synthesis, such as temperature fluctuation, stirring speed 
and rate of reductant addition etc.  As far as possible, we tried to keep all experimental 
conditions identical.   
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 Fig. 3d shows the weight loss curves for IC-MPC.  The IC-MPC underwent three-step 
thermal degradation at 250 ◦C, 310 ◦C and 370 ◦C.  The second and third step of 
decomposition could be attributed to the included α-CD and PEG that registered an onset 
of decomposition at 300 ◦C and 375 ◦C respectively in the IC-PEG control shown in Fig. 
3f.  The first step of decomposition suggested that free α-CD could have adhered to the 
exposed surfaces of the gold core and were not included in the PEG segments.  Although 
the gold core had been stabilized with PEG thiol, there were still exposed gold surfaces 
that could interact with the free α-CD.  Swihart also observed this exposed gold surface 
phenomenon even after excess surfactant was present during the synthesis of the MPC7.  
He proposed that a closed packed monolayer on a highly curved surface of the 
nanoparticles may not be achieved and it is possible that the surfactants arrange 
themselves into close packed bunches, leaving open spaces on the surface7.  In our case, 
we proposed that since the PEG is of a high molecular weight and since it is also highly 
hydrophilic, the packing of the PEG chains would be loose and largely stretched out in 
the aqueous media.  Thus, this would allow the free α-CD to come into contact with the 
exposed gold surfaces.  But as the surrounding PEG started to form inclusion complexes 
with α-CD, the non-included α-CD that are adhered to the gold surfaces would be trapped 
near the core and thus the first decomposition peak in Fig. 3d registered a 10 fold 
increase in weight loss compared to gold nanoparticles that are stabilized with only α-CD 
in Fig. 3b.  1H NMR spectra shown in Fig. 4d also registered peaks for both α-CD and 
PEG.  But we could not differentiate from the 1H NMR spectra if the α-CD was included 
or non-included in the PEG chain. 
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 Comparing the weight percentage of α-CD to PEG using both TGA and 1H NMR results, 
TGA recorded an α-CD weight % of 87.4 and 1H NMR of 92.8%.  These results are 
reasonably close and comparable.  Since we postulated that the first decomposition for 
IC-MPC at the onset temperature of 250 ◦C was due to non-included α-CD, we only took 
into account, the weight loss from the second decomposition peak, which was attributed 
to included α-CD, in our calculation for the ratio of α-CD: number of ethylene oxide units 
(EO).  A summary of the results is presented in Table 1. 
Table 1: Summary of results from TGA and 1H NMR. 
 
TGA 1H NMR  
% α-CD           EO: α-CD % α-CD           EO: α-CD 
IC-PEG (control) 88.7 2.8:1 90.8 2.2:1 
IC-MPC 87.4 4.5:1 92.8 - 
 
From the TGA data, the ratio of α-CD to the number of ethylene oxide units (EO) in IC-
MPC was calculated to be 4.5:1.  We did not calculate the ratio from the 1H NMR spectra 
as the spectra were unable to differentiate between included or non-included α-CD.  
Previous inclusion complexation study between PEG (10K) and α-CD determined the 
ratio of EO to CD to be 2.5:1.  Our IC-PEG control gave a value of 2.8:1 from the TGA 
data and 2.2:1 from the 1H NMR spectra.  These values are agreeable.  Thus our value for 
IC-MPC of 4.5:1 would suggest that the PEG chains on the MPC were partially covered 
by α-CD.  This is not unexpected as the α-CD would only be included in the PEG chains 














































Figure 4.  1H NMR of α-CD (a), PEG-10K (b), MPC (c) and IC-MPC (d).  Chemical 
shifts were referenced to the solvent peak δ4.7 for D2O. 
 
 
Based on our TEM and TGA analysis, the average number of PEG chains attached to a 
single gold core was estimated to be 25 chains. For the core shape of the gold 
nanoparticle, we use truncated octahedra as advocated by Whetten8.  These results are 
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 presented in Table 2.  We compared our results to that of Murray5,9 and since our PEG is 
of a higher molecular weight, the longer polymer length could have resulted in more 
steric hindrance thus prevented more PEG thiol from attaching to the gold core. 
   
Table 2: Summary of results from TGA and TEM. 
AuNP-PEG avg. diam 
core (nm) 








5k * 2.8 807 (TO+) 348/34 79/98 0.35 
10k 3.3 + 0.5 1289 (TO) 482/47 50/25 1.88 





0.50 of PEG (10K) Æ [ 6 x 1023/10 000] x  0.50 Æ 3 x 1019 molecules
  























 Fig. 5 shows the DSC thermograms of α-CD, PEG-10K, IC of PEG and α-CD, gold 
nanoparticles only, AuNP stablised with α-CD, MPC and IC-MPC.  Free α-CD, gold 
nanoparticles without stabilizer and gold nanoparticle stabilized with α-CD, do not show 
any detectable thermal transition in Fig. 5a, d and e respectively.  In Fig. 5b and f, the 
melting peaks of PEG at 66 ◦C and 64 ◦C respectively were detected.  Upon formation of 
ICs, the endothermic peak corresponding to PEG is absent in Fig. 5c and g.  This is 
because the PEG is included separately in the channels of the α-CD lattice and could not 































































Figure 5.  DSC analysis of α-CD (a), PEG-10K (b), IC-PEG (c), AuNP (d), AuNP with 





Fig. 6 shows the X-ray powder diffraction patterns of α-CD, PEG-10K, IC of PEG and α-
CD, gold nanoparticles only, AuNP stabilised with α-CD, MPC and IC-MPC.  The 5 
distinct peaks in Fig. 6d correspond to crystalline gold at 2θ = 38.5 ◦, 44.5 ◦, 64.5 ◦, 77.8 ◦ 
and 82 ◦10.  These peaks were detected in Fig. 4e-g representing the presence of 
crystalline gold.  This is not unexpected as we had synthesized gold colloids.  In Fig. 6c 
and g, the spectra of ICs of PEG-10K and MPC is typical of an inclusion complex with a 
number of sharp reflections and the main one at 2θ = 19.4 ◦ (d = 4.57 Å) representing the 
channel-type structure of crystalline necklace-like polyseudorotaxane of α-CD and 
PEG11. 






































































Figure 6.  XRD spectra of α-CD (a), PEG 10K (b), IC-PEG (c), AuNP (d), AuNP with α-
CD (e), MPC (f) and IC-MPC (g). The arrows show the characteristic peak of channel-type structure 
of inclusion complex of PEG and α-CD. 
 We have successfully synthesized gold nanoparticles stabilized with PEG thiol (10K) and 
subsequently formed inclusion complex between the attached PEG and α-CD.  
Incidentally, we also observed formation of single crystals with very dilute suspensions 
of the MPC and α-CD.  When polymers are crystallized in the bulk state, the individual 
crystallites are microscopic and they are an intergral part of the solids and cannot be 
isolated12.  Keller in 1957 discovered that single crystals can be formed by slow 
precipitation from very dilute solutions12.  It would therefore be interesting to be able to 
see single crystals of our inclusion complexes.   
 
4.3.2 Self Assembly of IC-MPC 
As there were quite a few components in our inclusion complex mixture, we isolated 
them individually to see if they self-assembled into any distinct structures.  Saturated α-
CD solutions crystallized to form the crystal structure in Fig. 7a.  For gold nanoparticles 
stabilized with α-CD in Fig. 7b, clustering was observed but there were no significant 
structures or crystal forms. Gold nanoparticles that were reduced without any stabilizer in 
Fig. 7c showed distinct clustering after a week.  The gold nanoparticles clustered into a 
fibrous structure and could be visibly seen suspended in the solution.  Ishiwatari also 
made this observation when they removed all the surfactant from the gold particles13.  
They attributed the clustering to entangled thin gold wires.  We did not study the 
structure further.  MPC were stable even after 3 months and no clustering or aggregation 


















































Figure 7.  Optical microscope images of α-CD (a), AuNP stabilized with α-CD (b) AuNP 
(c) and MPC (d).  
 
 
It was against these backgrounds that we interpret our results when we added α-CD to a 
dilute sample of MPC.  We varied the concentration of α-CD from 5 - 20 wt % and added 
them to dilute suspensions of MPC.  Various assemblies were observed over a period of 3 
weeks.  With the addition of 5 wt % of α-CD, the IC-MPC showed some clustering but 
there were no distinct self assembled structures as seen in Fig. 8a.  The background 
remained uniformly red indicating minimal complexation.  The addition of 10 wt % of α-
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 CD however resulted in the formation of many crystals of various shapes (Fig. 8b).  
These crystals span ~ 20 µm and they appear to be transparent.  Upon closer analysis, we 
could see a purple boarder framing the crystals seen in Fig. 9.  We also observed 
evidence of screw dislocations as seen in Fig. 9a and very evidently in Fig. 9b.  During 
crystallization, the gold nanoparticles do not fit the crystal lattice properly thus leading to 
‘imperfections’ in the crystal formation.  As a result, dislocations are formed to partly 
relieve the strain associated with the ‘imperfections’14.  This phenomena is frequently 





























Figure 8. Optical microscopy of  IC-MPC complexes with increasing concentration of α-
CD of 5% (w/v) (a), 10% (w/v) (b), 15% (w/v) (c) and 20% (w/v) (d). 
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 Impurities are known to accumulate at the grain boundaries of a crystal and this could 
have resulted in the purple boarder which would be attributed to the color of the gold 












































       (c)                    (d) 
 
 
Figure 9. Optical microscopy of single crystals of IC-MPC formed from 10% (w/v) of α-
CD. 
 
Fig. 10 is a schematic representation of a screw dislocation and depending on the type of 
lattice mismatch, the consequent dislocation can form various shapes.  The gold 
nanoparticles we synthesized are of varying sizes and could have resulted in different 
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 types of lattice mismatch causing the formation of single crystals with various shapes 



















The addition of 15 wt % of α-CD to a dilute suspension of MPC resulted in the formation 
of long fibrous crystals seen in Fig. 8c.  There were prominent clusterings and the fibres 
grew out of these clusters.  Closer observation revealed that these fibers can stretched to 
µm in length seen in Fig. 11a.  Microfiberous hexagonal crystals of inclusion complexes 
of PEG and α-CD have been observed by Jeong under slow crystallisation15.  But SEM 
images of their microfibers revealed smooth and rigid crystals.  The fibrils we observed 
in our study were hardly smooth as seen in the larger magnifications in Fig. 11c.  Thus, 
the type of crystal packing we get from our fibrils was not the same as Jeong’s.   
 
Another possible fibrous crystal structure could be as noted by Wunderlich16, that 
crystallization of polyethylene can form fibrous crystals known as Shish Kebabs.  The 
exact folding that result in the formation of the Shish Kebab had not been proven but 
 59
 different groups have proposed its mechanism using dynamic Monte Carlo simulation17, 
18 and Langevin dynamics simulation19.   
 












































Figure 11. Optical microscopy (a) - (c) of crystals of fibrils of IC-MPC formed from 
15%(w/v) of α-CD. 
 
 
The proposed mechanism is that flow-induced crystallization caused some stretched 
chains to form extended-chain crystals called shish and then the folded-chain crystals 
called kebabs grow on shish’s lateral surfaces17.    These kebabs would stack together 
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 forming layers of lamella crystals that are perpendicular to the central Shish. The picture 
we captured using the optical microscope also seemed to reflect light differently at 
regular intervals seen at the central fiber in Fig. 11a.  This indicated that there could be 
some kind of regular pattern which could be attributed to the layers of Kebabs.  In Fig. 
11b, we observed that there are globular crystals within the clusterings and this initial 
globular appearance of polymer aggregates out of which grew fibrils, which are known as 
shish kebabs, have also been observed by Keller and Willmouth in 196920.    All these 
observations strongly suggest that the fibrils we observed could be Shish Kebabs.  But 
our fibrils do look more robust with a thickness of ~ 3-5 µm compared to most of the 
polyethylene Shish kebabs studied by other groups at ~ 0.2 µm thick.  This could be due 
to the fact that our fibril structures consisted of inclusion complex which is much more 
bulky that the polyethylene studied by the other groups.   
 
The addition of 20 wt % α-CD to a dilute suspension of MPC resulted in gel-like 
aggregates seen in Fig. 8d.  The red background became an uneven tone of red indicating 
large sections of thick clustering that prevented light from passing though.  This 
phenomenon is akin to the well studied formation of hydrogel that is a result of inclusion 
complexation between high molecular weight PEG and cyclodextrin seen in Fig. 12c.  
Fig. 12b showed the IC-MPC turned upside down in comparison to its native MPC state 
























(a)      (b)     (c)     (d)  
 
Figure 12.  Photographs of MPC suspended in water (a), IC-MPC (b), IC-PEG (c) and 




We have successfully synthesized gold nanoparticles stabilized with PEG and 
subsequently form inclusion complex with α-CD.  Varying the concentration of α-CD 
would result in varying degrees of inclusion complex formation.  Therefore, there would 
exist within the IC-MPC varying degree of crystallinity and association which had 
resulted in the different forms of crystal formation.  From the formation of single crystals 
to fibrous strands to microcrystals forming gels, these observations are not new.  Similar 
crystal formations have been observed with various semi crystalline polymers under 
varying conditions but we were able to observe many of these formations within a simple 
system consisting of only one variable change which is the amount of α-CD added at 
room temperature.  Future work would include detail characterization of the crystals and 
study into the kinetics of such crystal formation. 
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The applications of inclusion complex systems have mainly been in the area of controlled 
drug delivery which required that their bulk properties be well characterized.  Our study 
explored the possibilities of extending its applications into areas of confined geometries 
like self-assembled polymeric layers for biosensor applications or nanoparticulate 
systems for targeted drug delivery.   
 
We have successfully attached a monolayer of PEG via thiolate bonding onto the surface 
of gold.  We were able to monitor the thiolate attachment as well as its subsequent ability 
to form inclusion complex with cyclodextrin using the QCM.  We deduced that in order 
to promote inclusion complexation on a surface, the PEG chains must be packed such 
that the polymeric film layer is dense enough but yet the individual chains must be 
sufficiently mobile to promote inclusion complexation with cyclodextrins.  Therefore an 
optimal chain length of PEG that packs on the gold surface sufficiently, and yet retains 
enough mobility to promote inclusion complexation is necessary for the formation of 
monolayer inclusion complex.   
 
Our present system of polymer attachment and subsequent inclusion complexation with 
cyclodextrin, QCM is able to provide us with qualitative information, based on the mass 
gain.  But there would also be structural changes within the polymeric film due to the 
formation and aggregation of inclusion complex.  We would also further our study of the 
current system by coupling information from the frequency shift and resulting motional 
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 resistance so as to further our understanding on the kinetics of the formation of 
monolayer inclusion complex.     
 
We have also successfully synthesized gold nanoparticles stabilized with PEG and 
subsequently form inclusion complex with α-CD.  Varying the concentration of α-CD 
would result in varying degrees of inclusion complex formation.  Therefore, there would 
exist within the IC-MPC varying degree of crystallinity and association which had 
resulted in the different forms of crystal formation.  From the formation of single crystals 
to fibrous strands to microcrystals forming gels, these observations are not new.  Similar 
crystal formations have been observed with various semi crystalline polymers under 
varying conditions but we were able to observe many of these formations within a simple 
system consisting of only one variable change which is the amount of α-CD added at 
room temperature.  Future work would include detail characterization of the crystals and 
study into the kinetics of such crystal formation. 
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